Objective: A whole genome association study was conducted to identify single nucleotide polymorphisms (SNPs) with additive and dominant effects for growth and carcass traits in Korean native cattle, Hanwoo. Methods: The data set comprised 61 sires and their 486 Hanwoo steers that were born between spring of 2005 and fall of 2007. The steers were genotyped with the 35,968 SNPs that were embedded in the Illumina bovine SNP 50K beadchip and six growth and carcass quality traits were measured for the steers. A series of lack-of-fit tests between the models was applied to classify gene expression pattern as additive or dominant. Results: A total of 18 (0), 15 (3), 12 (8), 15 (18) , 11 (7), and 21 (1) SNPs were detected at the 5% chromosome (genome) -wise level for weaning weight (WWT), yearling weight (YWT), carcass weight (CWT), backfat thickness (BFT), longissimus dorsi muscle area (LMA) and marbling score, respectively. Among the significant 129 SNPs, 56 SNPs had additive effects, 20 SNPs dominance effects, and 53 SNPs both additive and dominance effects, suggesting that dominance inheritance mode be considered in genetic improvement for growth and carcass quality in Hanwoo. The significant SNPs were located at 33 quantitative trait locus (QTL) regions on 18 Bos Taurus chromosomes (i.e. BTA 3, 4, 5, 6, 7, 9, 11, 12, 13, 14, 16, 17, 18, 20, 23, 26, 28 , and 29) were detected. There is strong evidence that BTA14 is the key chromosome affecting CWT. Also, BTA20 is the key chromosome for almost all traits measured (WWT, YWT, LMA).
INTRODUCTION
In recent years, whole genome association study (WGAS) or genomic selection (GS) has been a main focus on livestock breeding due to the expectation of increased accuracy of selection and reduced generation interval, compared to traditional breeding approaches such as progeny testing. WGAS or GS has been enabled by high-density single nucleotide polymorphism (SNP) chips, which allows identification of causative SNPs for economic traits and improves reliability of breeding value prediction.
Single-marker association analysis with density SNP array has similar or greater power to detect quantitative trait loci (QTLs) and provides more precise QTL locations than haplotype-based or identity-by-descent based models [1] . Further, the method offers a greater flexibility of including dominance or epistatic effects in the model, enabling better characterization of the QTL in terms of inheritance mode of gene action. Indeed, some WGAS approaches have been routinely practiced in dairy and beef cattle to detect SNPs for milk production, or meat and carcass, respectively [2] [3] [4] . A Korean native cattle, Hanwoo (Bos taurus coreanae), was used as draft animals and suppliers of organic fertilizer. However, as agricultural technologies became improved and beef consumption increased, Hanwoo became more important as beef cattle. The Korean cattle had low meat production efficiency because of low milk production and slow growth rate, while having a relatively high reproductive rate and high marbling, e.g. 15% to 23% of intramuscular fat at final slaughter [5] . It has been about 30 years since Hanwoo improvement program was implemented, in order to increase meat production and quality to meet the growing demand for beef in Korea [6] .
Interactions between genes at the same locus are called dominance. Dominance effect has often been ignored or treated as a nuisance parameter in genetic evaluations of livestock and quantification of variance components [7] . However, quantification of dominance effects underlying complex traits is needed due to increasing evidence of the major effects of dominant QTL on human disease and agricultural traits of economic importance [8, 9] . Recently, a number of studies showing that accounting for dominance effects increased the accuracy and reduced the bias of genomically-predicted breeding values in comparison to an additive model. Su et al [10] reported that in a purebred Duroc population the dominance variance accounted for 6% of the total phenotypic variance in daily gain, emphasizing the relevance of dominance [10] . Therefore, an increasing need for WGAS methodology to routinely investigate the non-additive effects such as dominance. Herein, we performed a WGAS to identify SNPs with dominance and/or additive effects that were associated with growth and carcass traits, specifically to investigate the importance of dominance in Korean beef cattle, Hanwoo.
MATERIALS AND METHODS

Animals, phenotypes and SNPs
The Hanwoo data were collected from 486 steers that were used for progeny testing in Hanwoo Improvement Center of National Agricultural Cooperative Federation in Seosan, Korea. The steers were born between spring of 2005 and fall of 2007, sired by 61 Hanwoo bulls (paternal halfsibs). The number of steers for each sire ranged from two to 13 with the average of eight steers.
The steers were weaned at 5 or 6 months of age, and each group of 10 steers were raised in a pen. The feeding program was divided into early, middle, and late stage, each with a six months interval. In the early and middle stages, the steers were fed with concentrates with the amount of 1.8% of the body weight and ad libitum in the late stage. The concentrates were composed of 15%, 13%, and 11% of crude protein, and 71%, 72%, and 73% total digestible nutrients (TDN), in the respective feeding stages. Roughages with 4.5% crude protein and 37.5 TDN were offered ad labium with other additives such as vitamin and minerals. All steers were slaughtered at approximately 24 months of age. Traits measured were weaning weight (WWT) at approximately six months of age, 365-d yearling weight (YWT) and carcass weight (CWT) at 24 hours after slaughter. The carcasses were dissected at the last rib and the first lumber vertebra according to the Animal Product Grading System of Korea to measure backfat thickness (BFT), longissimus dorsi muscle area (LMA), and marbling score (Marb). The Marb score was numbered as 1 through 9 according to the Korean Beef Marbling Standard (1 = trace, 9 = very abundant). Details about measurement of the traits and management practices were described in Lee et al [2] . The statistics for phenotypic data used in this study are summarized in Table 1 .
DNA of the sires and their steers were quantified and genotyped using the Illumina bovine SNP50K beadchip. Details on the SNP genotyping procedure were described in Lee et al [2] . Between the sires and their sons (steers), Mendelian consistency was checked, i.e. any discordance of SNP genotypes between them. If more than 1,000 SNPs were discordant, then the steer was removed. Also, the individual with more than 10% missing genotypes was discarded.
The Illumina bovine SNP50 beadchip assay contained 54,001 SNPs with an average distance interval of 51.5 kb. Criteria for SNP removal were: i) more than 5% pedigree discordant (e.g. cases where a sire was homozygous for one allele and progeny were homozygous for the other allele), ii) less than 90% call rate, iii) monomorphic SNPs or when the minor allele frequency was smaller than 0.05, iv) proportion of individuals with genotype completeness was smaller than 90%, v) markers with significant departure from Hardy-Weinberg equilibrium (p<0.00001), vi) assigned to X chromosome or not assigned to any chromosome on Bovine Genome Build 4.0.
Missing genotypes were imputed using Druet method [11] . SD, standard deviation; CV, coefficient of variation (%).
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All the models were fitted for each of the available SNPs. The log likelihood ratio tests (LRT) statistic was applied by comparing the log likelihoods between the full model and the reduced model:
The LRT test statistics approximately followed chi-squared distributions with degree of freedom equal to the number of extra parameters (one or two) estimated in the full model compared with the reduced model.
False discovery rate (FDR) was used to set significant thresholds to account for multiple testing, by calculating q-value based on nominal p-value from LRT test statistic for each trait using the R packages 'qvalue' . The FDR threshold was set at 5% genome-wise (GW) or a 5% ChW level.
Marking the quantitative trait loci region
Generally, clusters of significant SNPs are expected to locate in the vicinity of a QTL, because there is linkage disequilibrium between adjacent markers that are closely located or clusters of transcription factor binding sites potentially indicating groups of co-regulated genes. In this study, the ChromoScan software (Ann Arbor, USA) was used to get statistical evidence of both a clustering of the SNP locations and a clustering of Pvalues from the above three mixed-inheritance animal model [12] . In the QTL region, one or more SNPs must be detected, and the variance that was explained by the QTL was estimated with the most significant SNP. The genetic variance was obtained from the estimated genotype effects from the corresponding model and the observed genotype frequencies. The percentage of the total genetic variance explained by the significant SNP was also obtained.
RESULTS AND DISCUSSION
Available single nucleotide polymorphisms Among the 54,001 SNPs in the Illumina bovine beadchip array, 35,968 SNPs were available for GWA tests. The SNPs covered 2543.6 Mb of the bovine genome with 70.6±69.0 kb average adjacent marker interval ( Table 2 ). The largest gap between adjacent SNPs (2,081.5 kb) was located on BTA 10. Average observed heterozygosity for SNPs was 0.37±0.12, and average minor allele frequencies (MAF) of all SNPs before (after) editing was 0.20 (0.27). The SNPs genotyped showed an almost uniform distribution across the common frequency classes.
Whole genome association study A total of 92 (37) significant SNPs were detected at 5% ChW (GW) level; 18 (0), 15 (3), 12 (8), 15 (18), 11 (7), and 21 (1) SNPs for WWT, YWT, CWT, BFT, LMA, and Marb respectively (Table 3) . Among the significant SNPs, 45 (11) SNPs had additive mode of gene action, 18 (2) SNPs dominance, and 29 (24) had both additive and dominance mode of gene action. The detail description of the significant SNPs for the six growth and carcass quality traits, including their positions in the genome, additive and dominance effects, the estimated proportion of the phenotypic variance and known genes near the SNPs, are in Table 4 through 9.
Weaning weight (WWT): Eighteen SNPs were detected at 5% ChW level (Table 4) . Of the SNPs, nine, two and seven SNPs were declared to be additive, dominant and both additive and dominant, respectively. Two, five and four SNPs were detected in BTA1, 5 and 12, respectively. Six SNPs were located within the QTL regions for WWT identified in Angus cattle (McClure et al [13] ), i.e. BTB-01747944, BTB-02105769, ARS-BFGL-NGS-35164, ARS-BFGL-NGS-5482, ARS-BFGL-BAC-11115, and ARS-BFGL-NGS-39382. Among the 18 SNPs, three SNPs on BTAs 5, 16 and 20 were located within the regions of known genes, i.e. LOC505861, PLCH2, and ADAMTS12 (Table 4) .
Yearling weight (YWT): A total of 18 significant SNP were detected for YWT, of which three SNPs at the 5% GW level (Table 5) . Of the SNPs, six, seven, and five were declared as additive, dominant and both additive and dominant SNP, respectively. Five SNPs were located within the QTL regions for YWT in Angus cattle [13] , i.e. ARS-BFGL-NGS-105590, ARS-BFGL-NGS-17747, ARS-BFGL-NGS-38840, Hapmap50009-BTA-50200, ARS-BFGL-NGS-42226. Among the 18 significant SNPs, seven SNPs were harbored within the regions of known genes (Table 5) .
Carcass weight (CWT): A total of 20 significant SNPs were detected, of which eight SNPs at 5% GW level. Of the significant SNPs for CWT, ten, one and nine SNPs had additive, dominance and both additive and dominance effects, respectively (Table 6 ). Fourteen SNPs for CWT were located within a 17.55 Mb (between 18.65 Mb and 36.10 Mb) on BTA14. Fifteen significant SNPs were located within the chromosomal regions where QTL for CWT were reported in previous studies of beef cattle [13] [14] [15] [16] [17] , and five SNPs for CWT were harbored within the regions of known genes (Table 6 ). McClure et al [13] 1) The numbers were for the QTL that were detected at the 5% chromosome-wise level (genome-wise level). 4) Estimates of additive and dominance effects with standard errors. 5) Negative logarithm of the comparison-wise p-value of the test-statistic against the null hypothesis of no QTL at the most likely position for the inferred QTL model. 6) The nearest known gene to the significant SNP. * Significant at the 5% genome-wise level. 4) Estimates of additive and dominance effects with standard errors. 5) Negative logarithm of the comparison-wise p-value of the test-statistic against the null hypothesis of no QTL at the most likely position for the inferred QTL model. 6) The nearest known gene to the significant SNP. * Significant at the 5% genome-wise level.
reported a CWT QTL at 46 cM of BTA8 (95% confidence interval (CI) 41.6 to 66.0 cM) in Angus cattle, near which the SNP, BFGL-NGS-110568, was detected at 56.6 Mb in this study [13] . McClure et al [13] also found another CWT QTL at 84 cM of BTA10 (95% CI 79.0-100.0 cM), while we detected one CWT SNP, ARS-BFGL-NGS-54787, at 84.17 Mb of the same chromosome (Table 6 ) [13] . In the BTA14 region (18.7 to 36.1 Mb) where clusters of CWT SNP were detected, 13 SNPs that were associated with CWT were previously reported in Japanese black (Wagyu) cattle [4, 15] as well as in Hanwoo [16] . Casas et al [14] reported one CWT QTL on BTA18 in a halfsib family sired by Brahman×Hereford cross, near which a GW significant SNP, ARS-BFGL-NGS-39866, was detected at 18.18 Mb (Table 6 ) [14] .
Backfat thickness (BFT):
Thirty three SNPs for BFT were detected at 5% ChW level, of which 18 SNPs at 5% GW level. Of the significant SNPs for BFT, 16, one and 16 SNPs had additive, dominance and both additive and dominance effects, respectively (Table 7) . There were three SNP clusters for BFT, i.e. four, five and three SNPs that were located within a 16. (Table 7) , and in the chromosomal regions where twelve SNPs that were detected in this study, BFT QTL also reported in Table 7 . Position, SNP alleles, estimated effects of SNPs for backfat thickness (cm) that were detected at 5% chromosome-wise level 3) Nucleotides of substitution. 4) Estimates of additive and dominance effects with standard errors. 5) Negative logarithm of the comparison-wise p-value of the test-statistic against the null hypothesis of no QTL at the most likely position for the inferred QTL model. 6) The nearest known gene to the significant SNP. * Significant at the 5% genome-wise level.
Hanwoo, Angus or composite breeds [13, 14, 18, 19] ; Hapmap-51248-BTA-51337 on BTA1; BFGL-NGS-119673, ARS-BFGL-NGS-8401, and BTB-00236217 on BTA5; BTB-00236217 and BTB-01744782 on BTA6; Hapmap34906-BES11_Con-tig369_1053 on BTA11; BTB-01493007 on BTA13; BTB-00566332 on BTA14;BTB-00634483 and Hapmap42533-BTA38667 on BTA16; ARS-BFGL-NGS-39535 on BTA29 (Table 7) .
Longissimus dorsi muscle area (LMA):
A total of 18 SNPs were detected, of which seven SNPs at 5% GW level. Seven, two and nine SNPs were declared to be additive, dominance and both additive and dominance SNP, respectively (Table 8) . Six LMA SNPs (BTA-99819-no-rs on BTA3; BTB-01321253 on BTA7; BFGL-NGS-110568 on BTA8; BFGL-NGS-112221 and BFGL-NGS-113227 on BTA20; ARS-BFGL-NGS-35298 on BTA24) were located within the QTL regions for LMA that were reported in a WGAS of Angus cattle [13] .
Marbling score (Marb): A total of 22 SNPs were detected of which, eight, seven and seven had additive, dominance and both additive and dominance effects, respectively (Table 9) . One SNP, BTB-00137937, was detected at 5% GW level. Of the significant SNPs for Marb, five SNPs were detected within a 19.2 Mb segment (between 61.5 Mb and 80.7 Mb) on BTA7. Twelve SNPs were located within the Marb QTL regions that were reported in previous studies [13, 18, 20] . Nine SNPs were harbored within the regions of known genes (Table 9 ). In particular, one SNP, Hapmap39048-BTA-99764 was located within EDG1 gene on BTA3, which was reported to be a positional function candidate gene responsible for marbling [20] .
Characterization of single nucleotide polymorphism for growth and carcass quality Many SNPs influencing growth and carcass quality in Hanwoo had dominance effects. Of the 129 significant SNPs, 45 (11) SNPs had additive expression, 18 (2) dominance expression, and 29 (24) SNPs had both additive and dominant expression at 5% ChW (GW) level, of which 27 SNPs had overdominance effects, i.e. five for WWT, three for YWT, five for CWT, five for BFT, six for LMA, three for Marb, respectively (Tables 4 to 9 ). Using additive plus dominance effects, rather than additive effects only, led to more significant SNPs. These results indicated that the goodness of fit was improved by including dominance. Estimates of dominance effects have not been widely used in livestock breeding because it is difficult to estimate these effects accurately based on pedigree. The development of dense SNP panels offered new opportunities for detection and use of dominance at individual loci. Boysen et al [21] reported that significant dominance effects on milk production traits in cattle were identified in a WGAS [21] .
The effectiveness of selection procedures that are based on genomic information can be increased by correctly characterization of inheritance mode of desired variants [7] . Heterosis 4) Estimates of additive and dominance effects with standard errors. 5) Negative logarithm of the comparison-wise p-value of the test-statistic against the null hypothesis of no QTL at the most likely position for the inferred QTL model. 6) The nearest known gene to the significant SNP. * Significant at the 5% genome-wise level.
that is caused by heterozygosity in single loci is responsible for survival rate by increasing reproductive fitness [22] . Hayes and Miller (2000) showed that dominance effect was needed in mate selection to exploit previously untapped genetic variation [23] , while Dekkers and Chakraborty (2004) stressed maximization of crossbred performance by incorporating information from overdominant QTL [24] . Kim et al [8] found that many QTL for growth and carcass quality had a (over) dominant mode of gene action in a cross between Angus and Brahman cattle [8] .
The use of dominance effects in a scenario of genomic selection increases the accuracy of estimated breeding values and still offers the opportunity of applying mate-allocation. These result has important implication that dominance could be routinely included the whole-genome SNPs data in Hanwoo and implementation of successive molecular breeding schemes.
Quantitative trait locus region
Thirty three QTL regions were identified on 18 BTAs for the significant SNPs for growth and carcass quality (Table 10) . Of the QTL, 20, one, and 12 QTL had additive, dominance, and both additive and dominance expression modes, respectively. All the QTL explained small to moderate proportions (2.2% to 10.9%) of the phenotypic variance with an average of 4.5%±-1.6%. However, the estimates may be overestimated, especially when the SNP effect was small, partly due to so called Beavis effect [25] . Some significant SNPs were located in close proximity, e.g. the two SNPs BTB-01747944 and BTB-02105769 for WWT at 4.07 Mb and 4.15 Mb on BTA1, and ARS-BFGL-BAC-28936 and ARS-BFGL-BAC-30072 for YWT at 1.66 Mb and 1.69 on BTA23, respectively (Tables 4 and 5 ). These SNPs might not be causal mutation, but so close to the causal SNP as to form high LD with the causal mutation for the trait, and the effect of a single QTL could be spread over multiple SNPs.
A QTL for CWT was detected at 24.1 to 25.7 Mb of BTA14 with a significant evidence (-log 10 P = 10.7). Also, four QTL for CWT were clustered between 19. 7 and 36.1 Mb of BTA14 (Table  10 ). In the region, several QTL were reported that were associated with milk production, growth and carcass traits in cattle [8, 15, 26] . Especially in beef cattle, a majority of the QTL were located at 18 to 36 Mb of the chromosome [27] . The QTL region corresponded to a human chromosome homo sapiens (HSA) region in which genes responsible for growth characteristics reside. Mizoshita et al [15] reported a CWT-QTL in Wagyu 4) Estimates of additive and dominance effects with standard errors. 5) Negative logarithm of the comparison-wise p-value of the test-statistic against the null hypothesis of no QTL at the most likely position for the inferred QTL model. 6) The nearest known gene to the significant SNP. * Significant at the 5% genome-wise level.
within a 1.1 Mb chromosomal segment flanked by DIK7012 and DIK7020 on BTA14, in which four genes, including CA8 and RAB2 resided in the corresponding HSA region or six bovine expressed sequence tag (EST) assemblies, which may be a source of additive genetic variation for carcass weight [15] . Pausch et al [3] recently reported a QTL at 24.1 to 25.4 Mb of BTA14 that was associated with polymorphisms for a polyadenylation signal of the gene encoding for ribosomal protein S20 (RPS20), explaining major genetic variation of growth-related traits in a sample of 1,800 bulls of the German Fleckvieh breed [3] . In the similar region, Karim et al [28] identified causative variations influencing bovine stature in the PLAG1-CHCHD7 inter-genic region in a Holstein-Friesian×Jersey F2 population [28] . At the same region, a QTL for carcass weight was identified in a population of 1,156 Japanese Black steers [4] .
In conclusion, the evidence of CWT QTL around 25 Mb of BTA14 in this study supports the QTL or causal mutation for growth, carcass, or stature on the proximal region of BTA14 in cattle. On BTA20, several QTL for WWT, YWT, and LMA were 
